INTRODUCTION
The details of Marconi's early experiments with wireless telegraphy are the subject of many papers, e.g. those by Isted [I] and Simons [ 2 ] . This contribution will seek to review the antenna design used for the earliest experiments employing untuned systems, culminating in the December, 1901 transatlantic experiment from Poldhu, UK to St Johns, Newfoundland.
To understand the system it is necessary to consider the method by which signals were detected. The filings coherer was a device on which Marconi himself was probably the leading practical expert. This uses an evacuated glass tube partially filled with filings (the material was actually various combinations of nickel and silver), and containing two electrodes immersed in the filings. It was a two-state device : it was either "cohered" or "restored". In the restored state it exhibited a large resistance by virtue of the minute oxide layers covering all particles. The application of a threshold voltage of 7-15 volts would break down sufficient of these layers to create a conduction path and the coherer would then exhibit a linear resistance of 150-5OOQ. This would complete the primary circuit of a relay controlling a pen. The coherer would remain conducting until physically tapped.
Whilst dc can be used to achieve the process just described, in practice the coherer was connected in series with a receiving antenna. To send morse code, the coherer would have to be cohered and restored at least once during each morse code element (a dot). Thus the pulse repetition frequency controlled the speed of transmission.
From the system point of view each pulse was the same, and the requirement for each pulse was to produce a sufficiently large instantaneous pulse of voltage in the receiving antenna to cause the coherer to cohere. Viewed in this way the system can be considered as a time-domain system, in which the concept of carrier frequency is not particularly relevant.
At the other end of the communication link, each pulse was transmitted by raising the transmitting antenna to a high voltage and then suddenly shorting it to earth via a spark. This immediately caused a pulse of energy to proceed, eventually producing the desired effect at the receiver.
Whilst Marconi was undoubtedly aware of Lodge's tuned systems, and stated that his own system at Poldhu was a tuned system, it is by no means clear that his system was what would be called tuned according to today's clear definition of the word. Thus for the present purposes it will be assumed that a time-domain system was in use, and the antennas assessed against this background. This assumption is supported by Ratcliffe [3] , which shows the results of a calculation of the antenna current waveform for the Poldhu system. An initial transient of antenna current is shown which in both magnitude and rate of increase greatly exceeds the subsequent oscillatory waveform. The transient is not identical to that predicted from a step voltage drive, but is not dissimilar.
ANTENNA OPTIONS
A vertically polarised wave is produced by an electric current in a vertical wire. In general, the vector potential at a remote point is given by the time-retarded volume integral of the electric current density function, and the electric field is then given by the timederivative of the vector potential (see, for example,
). Thus any current other than a constant direct current gives rise to rf radiation.
The transmitted pulse was produced by sparking a previously charged antenna to ground, thus radiating the stored energy. It was known that the stored energy could be increased both by raising the voltage and by increasing the capacitance of the antenna. Probably Marconi himself favoured the simple monopole antenna. However Fleming, who was given charge of the design of the Poldhu experiment, conjectured that the instantaneous current flow could be maximised by providing many parallel current paths to ground. This led to the use of cone and fan antennas.
In the early experiments Marconi used a vertical monopole antenna. It was found that range could be extended by increasing the height of the antenna, and by reducing the resistance of the earth connection. A variant of the monopole was produced by connecting a horizontal wire at the top of the monopole, and this antenna (the Tee or inverted-L) eventually became the preferred configuration for tuned-carrier systems. Many examples of this type of antenna are in use a century later for broadcasting and communications below about 1 MHz. The top-loaded antennas can be shown to provide the largest radiation-resistance for a given frequency and height, but the results here show that they are inferior to fan and cone antennas for pulsed systems.
There are several photographs of the Poldhu antennas in circulation, but it is probable that only two such photographs were ever taken. The first was taken to show the original antenna, a multiple-wire cone supported by twenty wooden masts. Because of technical limitations the photograph was afterwards 1.547 retouched, the antenna being drawn in by an artist who might never have seen the antenna and drew a cylindrical shape that perhaps never existed. The second photograph showed the same structure after its collapse in a gale. The first photograph was later again retouched to depict the fan antenna that was rigged afterwards for use in the transatlantic experiment. K t would seem from this that no true photographs exist of either of the two working Poldhu antennas.
To compare the performance of various possible antennas we have considered four possibilities which are: a monopole, a Tee antenna (i.e. a monopole with a horizontal top-loading wire), a fan antenna and a cone antenna. All were 43m high., and the last three had a horizontal extent of 45m. Any supporting structures were not included in the simulation.
RESULTS
The antennas were simulated by running a wire-grid model (NEC-4) over a range of frequencies and transforming the results into time-domain waveforms by FFT processing. In a typical run, 512 frequencies were used from 62.5kHz to 3;!MHz.
In the wire grid model, the fan antenna was represente:d by a 25-wire fan. The number of wires used in the Poldhu fan antenna was 50-60 (see, for exampl'e, Marconi (5)) but a smaller number of wires was used iin the simulation, for practical reasons connected with the software. The larger number of wires does not increase the capacitance of the antenna but improves its ability to accommodate a high voltage without electrical breakdown occurring in the air round the conductors. Similarly, the cone antenna was modelled as a 16-wire cone. The results are not expected to be affected significantly by these simplifications. Figures 1-4 show the vertical electric field at a distance of 200m from each antenna. The antennas were simulated by assuming a driving voltage of 1V at all frequencies. This is equivalent in the time domain to imposing a 1V step at zero time, or introducing a shortcircuit to an antenna that has; been previously charged to 1V. It can be seen that the fan and cone antennas are superior to the monopole and Tee-antennas.
Figures 5-8 show the received signal when two identical antennas are placed lkm apart. This was done by considering a resistive load connected at the base #of the second antenna, and computing the current in the load. Again, it can be seen that the cone and fan antennas are better than the monopole or Tee-antenna.
The fields and voltages in the figures are of course proportional to input voltage Thus it can be seen, for example, from Figure 5 , thiat if the fan antenna is sparked down from 50kV the resulting field will produce a voltage pulse of 700V in an identical antenna at a distance of 1 km (assuming perfect ground). ,4t slightly larger distances the effect is expected to be inversely proportional to distance. Above about 20 km the received pulse is subject to the mechanisms of groundwave propagation, and at larger distance the vicissitudes of skywave propagation become apparent. In principle it is possible to carry out a complete analysis of the transmission of the waveform by separately calculating the propagation loss for all the spectral components, and transforming to the time domain at the receiver.
CONCLUSIONS
The results show that modem simulation confirms the sluperiority of the fan and cone antennas that replaced the earlier monopoles, in radiating the fast pulses that were required to operate the original coherers. The fan and cone are good radiators over a wide frequency range, and indeed are still the preferred antenna in use at present for radiating picosecond pulses for timedomain micrdwave applications.
It is difficult to draw any firm conclusions from the circuit diagram of the Poldhu transmitter, since values of the lumped components are a matter of conjecture. The presence of several interconnected reactive components is undoubted, and the existence of several possible resonant modes is probable.
I am indebted to Mr R B Molyneux-Berry for much of the historical detail in the paper, and to Mr T W Pegram who made some coherers and tested these and some original coherers found in the archives at Great Baddow. 
